Abstr act: The industrial design cycle starts with design then simulation, prototyping, and testing. When the tests do not match the design requirements the design process is started over again. It is important for students to experience this process before they leave their academic institution. The high cost of the prototype phase, due to CNC/Rapid Prototype machine costs, makes hands on study of this process expensive for students and the academic institutions. This document shows that the commercially available LEGO NXT Robot kit is a viable low cost surrogate to the expensive industrial CNC/Rapid Prototype portion of the industrial design cycle.
Intr oduction
The inverted pendulum has long been considered a classic controls problem and has thus become one of the industry standards for control design examples. The basic nature of the inverted pendulum, i.e. rotation about a central pivot point, makes the system a prime example for linearization and linear control. Methods such as Proportional Integral Derivative (PID), State Variable Feedback (SVF) and non-linear control such as Sliding Mode Control (SMC).
In recent years it has been common place to add wheels around the pivot point of the inverted pendulum resulting in control inputs of velocity or position with respect to the ground. Feedback from these wheeled inverted pendulums now includes the angle of the inverted pendulum, just like in a simple inverted pendulum, and the desired position or velocity of the wheeled inverted pendulum. A good example of a commercially available wheeled inverted pendulum is the Segway ® .
Currently there are companies, such as Quanser 1 1 www. quanser.com , that are mainstays in university control lab courses. They are high quality turnkey systems that typically cost around 10,000 USD. Such costs often limit the number of units a university can procure. Consequently this limits how many students can actually have hands-on experiences using such devices. The use of the latter systems gives students experience implementing different forms of control in the real world. This experience allows students to learn more quickly about how a simulated solution to a control problem will compare with the real world solution. The methods described in this paper will expand upon the idea of having students implement control in the physical world through hands on exercises which have a low monetary cost. The authors envision a system that costs about the price of typical control systems textbook ($100 to $200 USD per unit). Each student will experience the design process through, modeling, simulation, and implementation. A trade study is also presented which supports the desired methods.
Pr oposed Cour se Model
The proposed model for a hands on controls design course will guide students through an abbreviated version of the entire design process starting with meeting design requirements thru real world implementation. The proposed course is designed to be completed in about 10 to 20 weeks, that is, a 1 or 2 quarter terms in a typically 3-credit course. The overall objective of the proposed course is to have the students design, build, and apply closed loop control to their own wheeled inverted pendulum (WhIP). Each student will design and build their WhIP utilizing the commercially available LEGO ® NXT robotics kit. The sequence of topics for the course are described in the following sections.
Design
In industry there are always design requirements that a given control system must meet. Typical design requirements include performance specifications, such as rise time, settling time, power consumption, noise immunity, size, weight, and power. Design requirements also include monetary cost constraints because a real world control system has to function properly while having a reasonable cost. Because of this each student will be required to make a bill of parts for their implemented design. The design requirements for this course are to make the following:
Physical Constr aints. The WhIP must fit inside of a 0.3m x 0.3m x 0.3m box. No more than two wheels may be touching the ground at any given time. No other part of the WhIP may touch any external surface. It must be powered by the battery that comes with the LEGO NXT kit and it may only use the parts included in the LEGO NXT kit and the rate gyro.
Fr ee Standing WhIP. The WhIP must be able to stand upright in the same location for an extended period of time regardless of the slope of the ground. The slope will range from -35 o to 35 o-. The completion of this will demonstrate the students' ability to use position control to control the WhIP in a stable manor.
Robust Moving WhIP. The end product must be able to traverse uneven terrain both in forward and in reverse at a constant linear speed. The completion of this will demonstrate students' ability to implement a form velocity control while keeping the WhIP standing upright.
Navigate Obstacle Cour se. The WhIP must be able to navigate through an 8x8 segment maze where each segment is a box with one or more sides measuring 0.5m in width and 0.5m in length. Each wall in the segment will be 0.5m tall. This maze will be similar to that of the maze in the popular Micromouse 2 
Simulation
competitions. This will show that the students are able to control the direction of the WhIP while implementing obstacle avoidance/path planning algorithms and keeping it standing upright.
Low Cost WhIP. Each student will be limited to only the parts that they need to make the WhIP functional by putting a restriction on how much each WhIP can cost. This will force students to re-evaluate the design requirements and think about what is absolutely needed to complete their objectives. Due to the fact that each device is made out of LEGOs, a monetary cost, which is given in the LEGO price catalog, will be given to each piece used. The LEGO price catalog enables students to order a wide range of parts. The price for each part enables one to access the total fabrication cost of realizing one's WhIP. This enables students to economically assess their realization and possibly identify parts to eliminate or exchange to reduce costs.
Limited Sensor Input. The only sensor inputs available to the students will be a rate gyro and an ultra-sonic range finder. By limiting the information that the system feeds back to the controller, the students will have to work with constraints. These constraints are representative of those found in industry, where cost can limit the number of sensors a system can posses and thus affect the number of observable states.
When the design phase is completed, a 3D model of the WhIP will be created in a CAD program, such as SolidWorks 3 . SolidWorks was chosen because it is one of the most popular CAD packages in industry and is often taught in undergraduate engineering courses. SolidWorks also contains information on the material properties of each piece used. This is important because SolidWorks can then calculate the Center-of-Mass and Moment-of-Inertia of the resulting WhIP. These calculations then feed into simulation packages like LabVIEW 4 and Simulink The motivation and purpose of creating a model and simulation is to create an effective control algorithm. When designing the control algorithm multiple methods can be used. If it is desired to teach the students about linearization and linear control, the wheeled inverted pendulum can be linearized around its vertical point. Then linear control methods, such as PID and SVF, can be applied to it to stabilize the system [1] . If the desire is to learn more about non-linear control, then the system can be taken as is and non-linear control methods such as Sliding Mode Control can be applied to stabilize the system [2] [3].
Pr ototype
After the control algorithm of choice has been implemented and tested in the simulated environment, the control can then be ported to the real world. At this point, a prototype will be made. The beauty of the WhIP is that instead of making the prototype using a CNC or a costly rapid prototype machine, each student will construct their kit out of LEGO parts that they listed in their bill-of-materials. If the students require more parts for their prototype than is supplied in their kit then an extra cost will be added to their bill-of-materials which would include loss of time and money.
Testing and Evaluation
During this phase, the control algorithm will be implemented on the prototype. If the control is unsuccessful in the real world but is successful in the simulation, the design must be modified by changing the simulation properties or creating a new design. The process is then repeated until, a control algorithm is found that works with the new model of the system in simulation and also works on the real world system.
It is important to note that the main difference between the Industry Design Cycle and the Proposed Design Cycle is that the CNC/Rapid Prototype phase of the Industry Design Cycle has been replaced by the LEGO NXT Kit in the Proposed Design Cycle. LEGO provides a means to physically realize one's design. This is important because designs performed in CAD do not always translate well in real-world fabrication. For example parts, that seem to mate well in CAD, may not provide proper tolerance. By constructing with LEGO, the students will better recognize such oversight. After multiple iterations of the design cycle there will be an accurate model of the inverted pendulum, and a real world functional wheeled inverted pendulum.
Case Study
A case study was conducted to demonstrate the feasibility of the Proposed Design Cycle as described earlier. The system used in the trade study is the Matlab ® and Simulink ® Embedded Coder Robot NXT software [4] . This software acts as a control interface for the LEGO NXT kit. The design that was chosen was based off of the NXTway-GS, a two-wheeled balancing robot [5] . This model was chosen because of the simple and proven design. The NXT-WhIP was first built in SolidWorks ® . As described above SolidWorks ® has a library of all of the LEGO NXT parts which includes material properties. The SolidWorks ® model was then used in the Simulink ® Virtual Reality Toolbox for simulation. The Virtual Reality Toolbox allowed for testing the stability of the NXTWhIP on a multitude of terrain.
The NXT-WhIP was not only simulated using SolidWorks ® and Simulink ® but it was also modeled using traditional modeling techniques described in the next section.
Method/Theor y NXT-WhIP Modeling
The NXT-WhIP was modeled using Lagrangian dynamics. The system was analyzed as a simple inverted pendulum with the addition of wheels. This gives the system three degrees of freedom (DOF). Figure 3 shows the state variables that will be used in the derivations of the model for the system. The system was modeled using Euler-Lagrange equations [7] . The system was converted to State Space (SS) formation. The state variables are defined in Table 1 . It is assumed that the system has knife edge constraints when moving in the x,y plane, as seen in Figure 3 (c), and there is no slip between the wheels and the ground. It was shown from both the simulation and the mathematical model that the uncontrolled WhIP is naturally unstable according to the Routh-Hurwitch Criterion [1] . The systems unstability is shown analytically in Figure 4 . shown to be naturally unstable after an impulse input because the system does not approach a steady state any time after the impulse. Please note that the impulse was applied to the wheel angular velocity, φ`.
NXT-WhIP Contr ol State Variable Feedback (SVF) was used in this case study to illustrate how one would design a functional controller. The block diagram shown in Figure 5 shows the control used to stabilize the pitch angle, θ p , of the WhIP. The states used for the SVF are θ p , φ, θ p`, φ`, δ, and δ'. The reference to the balance controller is 0 o for θ p . The gains for the SVF control are found via the use of a Linear Quadratic Regulator (LQR)[1] [6] . LQR allows the user to put weights on how important the pitch angle is compared to the other states such as the wheel angular velocity. In the case of the WhIP a higher weight was placed on the pitch angle, θ p . The yaw velocity is fed forward in to the motor controller to give the WhIP the proper orientation in the x-y plane. 
Exper iment Setup
Using the SVF controller with the gains found by using LQR the system was stabilized around the desired pitch angle of 0 o . This control was applied to both the virtual system/dynamic model as well as the physical prototype system. There is a correlation between the simulated results and the prototype system test. The results can be found in Figure 6 below. The simulated results show that the system will reach steady state after approximately 2 seconds. The experimental results show that the real world system took closer to 20 seconds to reach a stable steady state. o . Plot (a) shows the simulated response using the Simulink ® Virtual Reality Toolbox. Plot (b) shows the response on the physical prototype system in the real world [6] .
Results and Discussion
The results from the case study showed that the experimental and simulated results from the NXT-WhIP tests both reached a stable steady state. Though the steady state value and the settling times were not the same the Desired Design Cycle was able to create a stable real world system using simulated results prior to testing. Thus the authors conclude that the Proposed Design Cycle does match the Industry Design Cycle when replacing the CNC/Rapid Prototype steps in the prototype phase with the LEGO NXT Kit. Thus the NXT-WhIP is a viable alternative to teach students the importance and skills in actually and physically realizing a design.
